Leukotrienes are biosynthesized by the conversion of arachidonic acid by 5-Lipoxygenase and play a key role in many inflammatory disorders. Inspired by caffeic acid phenylethyl ester (CAPE) ( ) and an analog carrying a triazole substituted by cinnamoyl and 5-LO inhibitors recently reported by our team, sixteen new CAPE analogs bearing substituted triazole were synthesized by copper catalyzed Huisgen 1,3-dipolar cycloaddition. Compound e, an analog bearing p-CF3 phenethyl substituted triazole, was equivalent to CAPE ( ) but clearly surpassed Zileuton ( ), the only approved 5-LO inhibitor. Substitution of the phenethyl moiety by cyclohexylethyl, as with g, clearly increased 5-LO inhibition which confirms the importance of hydrophobic interactions. Molecular docking revealed new hydrogen bonds and -interactions between the enzyme and some of the investigated compounds. Overall, this work highlights the relevance of exploring polyphenolic compounds as leukotrienes biosynthesis inhibitors.
Introduction
Leukotrienes (LTs) are a class of lipid mediators implicated in inflammatory responses [1] . In recent years, many studies have developed new pharmacological agent that influence the biosynthesis or action of LTs [2] . Despite their implication in inflammatory and allergic responses, LTs are also involved in many inflammatory diseases like asthma, arthritis, irritable bowel syndrome, and even cancer [3, 4] .
5-Lipoxygenase (5-LO) is an enzyme that plays a crucial role for the formation of LTs as it catalyzes the first two steps of the conversion of arachidonic acid to the bioactive LTs [5] . Therefore, 5-LO is the preferred target for pharmaceutical control of LTs biosynthesis [2] . Moreover, the inhibition of 5-LO is a validated target for the treatment of asthma [6, 7] . 5-LO inhibitors have also shown promising results in blocking the proliferation of several tumors cell lines [8, 9] .
Recently, caffeic acid phenethyl ester (CAPE, ) ( Figure 1 ) was found to be a potent 5-LO inhibitor [10] [11] [12] by our research group. Many studies reported by our laboratory have also shown the potential of CAPE and its analogs as potential anti-inflammatory compounds.
Contrary to the belief that polyphenols inhibit 5-LO exclusively through their antioxidant properties, our previous results clearly show that the presence or absence of specific functional groups influences 5-LO inhibition independent of their impact on antioxidant activity [10, 11] . Structural modifications which resulted from changes in the ester structure showed significantly improved inhibition of 5-LO when compared to Zileuton ( ) [13] , the only clinically available 5-LO inhibitor. However, Zileuton ( ) was shown to have hepatotoxic effects, low potency, and short half-life [14] ; therefore research continues for the development of new 5-LO inhibitors.
In a previous work, an analog of caffeic acid bearing a triazole (compound , Figure 1 ) emerged as the best inhibitor of a series of analogs with 1 to 6 caffeoyl moieties [15] . Further structure-activity relationship was performed later where [15] , and compound [13] . different triazoles containing cinnamic acid and caffeic acid analogs were investigated for 5-LO inhibition [16] . De Lucia also synthesized additional analogs [13] related to compound . Interestingly, they found that the length of the linker was critical for the activity of the molecule; a longer linker had better inhibition capacity [13] . While the importance of the linker length is now relatively established, it is not clear if the triazole needs to be far away from the caffeic acid moiety and which type of substitution on the triazole moiety will impact the 5-LO inhibition. It is also noteworthy that the mechanism of inhibition of 5-LO by these CAPE analogs bearing substituted triazole analogs is not well established [16, 17] . Moreover, structure-activity relationship studies (SAR) are required to learn more about the potential mode of action of these molecules.
In the present study, we describe the design and synthesis of new caffeic acid phenylethyl ester analogs bearing substituted triazole derived from compound ( Figure 2 ). With these analogs, the effect of the substitution of the triazole moiety by a phenyl as well as the linker length between the latter and triazole was investigated. The substitution of the phenyl with electron-withdrawing and electron-donating groups was also explored.
Finally, the substitution of the triazole with various allyl groups of various sizes was also investigated. After anti-LTs activity screening in a HEK293 cell model, 5-LO inhibition potential of selected compounds was determined in human polymorphonuclear leukocytes (PMNL). Moreover, a molecular docking study was conducted to shine a new light on the mechanism of inhibition of these compounds.
Results and Discussion

Chemistry.
To investigate the structure-activity relationship of compound , closely related analogs were synthesized. We examined the molecular interaction that would have an effect on 5-LO inhibition by linking with the Huisgen 1,3-dipolar cycloaddition (commonly known as "click reaction") reaction different molecular groups on the caffeoyl moiety. All analogs were synthesized by an efficient sequential procedure that directly links the azides, which can be potentially explosive, obtained from the commercially available organic halides to the alkyne moiety of the caffeic propargylic ester.
As shown in Scheme 1, a first series of analogs was synthesized to examine the effect of the length of the linker between the triazole core and a nonsubstituted phenyl moiety.
Sequential synthesis of the appropriate organic azide synthesized from the commercially available organic halides ( a-c) followed by the copper catalyzed 1,3-dipolar cycloaddition of these azides with ( ) provided analogs a-c with one to three methylenes between the triazole and the nonsubstituted phenyl moiety in moderate yield (Scheme 1).
To investigate the effect of substitution of the phenyl of series 1 with electron-withdrawing and electron-donating groups, new analogs were designed as shown in Scheme 2. As compounds a-b were essentially equipotent with Zileuton ( ) and compound ( ) (see results of LT inhibition below), analogs of b with substituted phenyl were designed and synthesized. It should also be mentioned that the accessibility of the various halogenated derivatives with two methylenes allowed us to make this series more easily i ii iii ( ) n 8a: n = 1 8b: n = 2 8c: n = 3 following our sequential procedure (Scheme 2). Copper catalyzed 1,3-dipolar cycloaddition of substituted phenethyl azides obtained from the corresponding bromide analogs ( a-f) with compound provided analogs a-f with electron-withdrawing and electron-donating substituents on the phenyl moiety (Scheme 2).
To investigate the effect of the presence of hydrophobic carbon chains, a third series of analogs was designed. In this series, the triazole was substituted by various alkyls, from the simpler (methyl) to branched alkyls. As shown in Scheme 3 and following our sequential procedure, analogs ( b-g) containing various alkyl groups linked to the triazole were synthesized. Compound a could not be obtained using the same method. This is probably due to the gaseous nature of methyl azide. Therefore, another method was used to obtain the methyl-substituted triazole analog ( a). With a one-pot procedure, we were able to obtain the desired methyl-substituted triazole by copper catalyzed 1,3-dipolar cycloaddition of the methyl azide, formed in situ by the substitution reaction of methyl iodine and sodium azide, with the caffeic propargylic ester (Scheme 3).
Biological Evaluation
Inhibition of 5-LO Products Synthesis in Whole HEK293
Cells. Inhibition of leukotriene biosynthesis was assayed in intact HEK293 cells that are stably transfected with human 5-LO. This model serves as a highly reproducible model of 5-LO product biosynthesis in which compounds can be preliminarily screened for anti-LTs activity before moving on to more complex systems [11] . All compounds were assayed at 1 M, including known inhibitors CAPE ( ) and Zileuton ( ) whose inhibitory potencies were used as reference points ( Figure 3 ). As shown in Figure 3 , analogs a-c having one-to threemethylene linker between the triazole and the nonsubstituted phenyl moiety are equivalent to Zileuton but remain less active than CAPE ( ). Analog c, with three-methylene linker, is the most active of the three compounds with an inhibition at around 50%, which clearly surpasses Zileuton ( ). The small difference in lipophilicity between these molecules can probably explain the small difference in activity.
In order to investigate the effect of substitution of the b benzylic ring, analogs with electron-withdrawing and electron-donating substituents were tested as shown in Figure 4 . All analogs were either equivalent to CAPE ( ) and analog or significantly more active than Zileuton ( ). As shown in Figure 4 , the substitution of the phenyl in the para position with methyl, a weak donating substituent, seems to have a positive impact on 5-LO inhibition which was increased by almost 20%. The effect of the hydrophobic substituent seems to be decisive for increasing the inhibition of 5-LO.
The introduction in the para position of the phenyl moiety of moderate (-OCH 3 and -F) or even strong (-OH) donating groups appears to have a moderate effect on activity since the inhibitory activity of b-d is equivalent to that of b. On the other hand, the substitution of phenyl by weak electron-withdrawing substituent seems to be very favorable Test compound (1휇M) for 5-LO inhibition; the induction of -CF 3 analog increases the inhibitory capacity of b by almost 30%. Compound e is equivalent to CAPE ( ) but clearly surpasses the Zileuton ( ) (Figure 4 ). The difference of lipophilicity is not as important in explaining the difference of 5-LO inhibition of b, a, and e; an electronic effect associated with favorable interactions due to the presence of fluorine atoms can explain this difference.
It would have been supposed that the accentuation of the deactivating effect on phenyl by strong withdrawing substituents such as nitro group could increase the activity even more. However, as shown in Figure 4 , the substitution of phenyl with a nitro considerably reduces the effect of f, which becomes less active than e. Analog f was even less potent than the unsubstituted analog b (Figure 4) .
In order to investigate the presence of a hydrophobic group, hydrophobic chains of different sizes and degrees of substitution were tested in the third series. As shown in Figure 5 , some molecules were significantly less active than CAPE ( ), Zileuton ( ), and analog . Analogs e and f were equivalent to Zileuton ( ) and analog . Analog g was the most active of the whole while being also much more active than the Zileuton and the analog .
Substitution of triazole with methyl, as in a, or two-to three-carbon alkyl chain ( b and c), was not conducive to good inhibition of 5-LO. Substitution of triazole with a more substituted three-carbon alkyl chain such as an isopropyl (analog d) or a substituted alkyl chain with a less flexible end, such as 3-methylbut-2-enyl (analog e), does not seem to be favorable for 5-LO inhibition. Substitution of the triazole with a hexyl chain slightly increases the 5-LO inhibition. As shown in Figure 5 , analog f, bearing the hexyl chain, was more active than a but equivalent to b, the analog with triazole substituted with phenethyl. Substitution of the triazole with cyclohexylethyl was very favorable for the inhibition of 5-LO as shown in Figure 5 . Favorable interactions of the cyclohexylethyl moiety can explain this good activity since the molecule was significantly more active than Zileuton ( ). Analog g was also more active than analogs f and b having substituted triazole with hexyl or phenethyl, respectively ( Figure 5 ). The difference in lipophilicity can not explain this difference since the estimated Logp of the three molecules ( b, f, and g) was very close.
Inhibition of 5-LO Products in Simulated Human PMNL.
To further probe inhibitory activity of lead compounds selected from preliminary HEK293 screenings ( Figures 3, 4 , and 5), 5-LO inhibition assays were undertaken in stimulated human PMNL in the presence of 1 M of inhibitors. 5-LO is highly expressed in PMNL and these cells are important physiological producers of LTB 4 [11, 18] .
As shown in Figure 6 , analogs a and b having a triazole substituted by benzyl or ethynylphenyl were less active than CAPE ( ) but were equivalent to Zileuton ( ) and analog . Bearing an ethenylcyclohexyl-substituted triazole, g was the best inhibitor of the selected molecules. g was more active than its analogs , a, and b which have methyl-or trifluoromethyl-substituted triazole, respectively.
Analog g was also equivalent to Zileuton ( ) but remains less active than CAPE ( ); the favorable effect of the presence of the cyclohexylethyl moiety seems to be confirmed in the PMNL test. The difference in inhibitory activity of our molecules in HEK293 cells and in stimulated human PMNL may reflect the availability or cell permeation of our inhibitors. The substitution of the terminal phenyl group in CAPE ( ) with monosubstituted triazoles leads to a loss of activity in PMNL at 1 M. Moreover, while e is more lipophilic than g, the three fluorine atoms and the aromatic ring may form hydrogen bonds orinteractions that could diminish the availability and/or cell permeability. Furthermore, Van der Waals interaction of the cyclohexylethyl moiety of g seems to be favorable for 5-LO inhibition as g was the best inhibitor and was equipotent to Zileuton ( ).
Molecular Docking.
All designed and synthesized compounds were docked to 5-LO in this study. From the obtained docking results, the binding energy was determined for each ligand as well as hydrogen bonds, interactions, and coordination (Table 1 ). Molecular docking was performed on a modified 5-LO protein (PDB code: 3O8Y).
Analogs b-c, a-d, and g were almost overlaid with slight shifts in position for the R group. The catechol group was positioned near the iron atom and its coordinating residues while the other extremity of the ligand was located near the end of the cavity, near His600. This group seems to have the best classed analogs ( Table 1) .
As shown in Figure 7 , it is interesting to see the proximity/interaction of the cyclohexyl moiety of analog g with several amino acids of the protein, in particular with Tyr181 Al603 and Asn425. This proximity/interaction can explain the favorable effect of the presence of this group observed in the inhibition tests of 5-LO with g in HEK293 and PMNL cells (Figures 5 and 6) . Comparison of the results of the modeling of analogs g and b clearly shows that hydrophobic interactions and the cyclohexyl flexibility appear to be crucial for 5-LO inhibition.
Analogs a, e-f, and e-f differ, in some minor way, from the previous group. For e-f, the catechol was perpendicular compared to the previous molecules. f takes a more direct route due to its short length.
Analogs b-d were overlaid; only the R group differed slightly. This group has the characteristic of being inverted compared to the previous molecules, having the catechol section near the end of the cavity while the R group is near the iron atom. It does keep the same general overlap even if inverted. This group seems to have the least stable ligand. CAPE ( ) analogs and differ in their positioning. In general, they take similar positions to the previous group. Analog , due to its long length, must contort much more to fit inside the cavity and reaches the furthest it can in both extremities. It also presents the triazole ring (nitrogen atoms side) to the iron atom compared to the R group for previous ligands. CAPE's ( ) shorter length and position make it so that it cannot reach the iron atom. Analog presents its second ester to the iron atom instead of presenting a triazole.
Analog a was shifted slightly deeper inside the cavity due to its shorter length, meaning that the R group was placed near the end of the cavity and the catechol group does not reach the section of the cavity containing the iron atom. Its position resembles more Zileuton ( ) than the other analogs. Similarly, both Zileuton ( ) enantiomers occupy the end of the cavity and do not reach the iron containing section of the cavity.
In most cases, the tested ligands seem to fill most of the cavity. a seems to leave a slightly more open space than the 
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others while analog seems to fill the cavity particularly well. Zileuton ( ) fills the end of the cavity while leaving the area near the iron atom open due to its shorter length.
In agreement with what was previously said, Zileuton ( ) and the first series have similar affinity, with the first series being favored compared to Zileuton ( ). For the second series, the tendency seems to also agree except for c and f being slightly more stable than what would be expected when compared to the inhibitory potential. For the third series, the results seem to differ more than the previous series. For analog g and to some extent f, the affinity seems to be less stable than what would be expected.
When looking at the interactions made by the most stable ligands or that have the strongest measured inhibition, it seems that a -interaction with either His367 or His372 is helpful. Both are iron coordinating residues [19] . It also seems that not doing a metal coordination with the iron atom is detrimental to both its affinity and measured activity.
Conclusion
Despite its undesirable effects, particularly its hepatotoxicity, Zileuton is still the only approved 5-LO inhibitor for clinical use to date. In this study, sixteen new 5-LO inhibitors derived from CAPE ( ) and compound , recently reported by our team, were synthesized, characterized, and tested for their potential to inhibit 5-LO in both HEK293 and stimulated human PMNL cells. Analog g, bearing an ethenylcyclohexyl-substituted triazole, was the best inhibitor of all the series. Analog g was also equipotent to Zileuton ( ) but remains less active than CAPE ( ). The favorable effect of the presence of the cyclohexylethyl moiety seems to be confirmed in the PMNL test. Hydrophobic interactions appear to be crucial for good inhibition of 5-LO as shown by compound g. Overall, this work highlights novel compounds with interesting properties against 5-LO and further exemplifies the likely importance of exploring the impact of polyphenolic compounds as leukotriene biosynthesis inhibitors.
Experimental Section
Methods and Materials.
All chemicals used were purchased from Aldrich (CA). Purification of compounds was carried out by flash chromatography (CombiFlash5, Separation System SG 100C, ISCO) or by silica gel circular chromatography (chromatotron5, model 7924, Harrison Research). TLC was run on silica gel coated aluminum sheets (SiliaPlate TLC, Silicycle5) with detection by UV light (254 nm, UVS-11, Mineralight5 shortwave UV lamp). Melting points were obtained using a MELTEMP (model 1001D) melting point apparatus. FTIR spectra were recorded on a Cary 630 FTIR spectrometer equipped with a single reflection diamond ATR. NMR spectra were recorded on a Bruker5 Avance III 400 MHz spectrometer. High-resolution mass measurements were performed on a Bruker Daltonics' micrOTOF instrument in positive or negative electrospray. a-c, a-f or b-h ) in 2 ml of DMSO NaN 3 is added and the solution was stirred overnight. Then, , CuSO 4 ⋅5H 2 O (0.2 eq), sodium ascorbate (0.10 eq), and 2 ml of distilled water are added to the solution and the solution was stirred overnight. The solution is diluted in water and the mixture is extracted 3 times with EtOAc. The combined organic phase is washed twice with a solution of NH 4 Cl 5 M and then twice with brine. The combined organic phase is dried with MgSO 4 , to afford the crude product. The purification was performed as stated for each compound. ( a) (157.18 l, 1.03 mmol), NaN 3 (75.92 mg, 1.16 mmol) 
2-Propynyl (E)-3-(3,4-dihydroxyphenyl
General Procedure for the Preparation Compounds a-c, a-f, and b-h. To a solution of the appropriate halide (
(1-Benzyl-1H-1,2,3-triazol-4-yl)methyl (E)-3-(3,4-dihydrox-
{1-[2-(p-Tolyl)ethyl]-1H-1,2,3-triazol-4-yl}methyl (E)-3-(3,4-dihydroxyphenyl) acrylate a. p-(2-Bromoethyl)toluene
{1-[2-(p-Methoxyphenyl)ethyl]-1H-1,2,3-triazol-4-yl}methyl
(E)-3-(3,4-dihydroxyphenyl) acrylate b. p-(2-Bromoeth- yl)methoxybenzene ( b) (108 l,
{1-[2-(p-Fluorophenyl)ethyl]-1H-1,2,3-triazol-4-yl}methyl (E)-3-(3,4-dihydroxyphenyl) acrylate c. p-(2-
Bromoethyl
{1-[2-(p-Tolyl)ethyl]-1H-1,2,3-triazol-4-yl}methyl (E)-3-(3,4-
dihydroxyphenyl) acrylate d. p-(2-Bromoethyl)phenol ( d) ((1-{2-[p-(Trifluoromethyl)phenyl]ethyl}-1H-1,2,3-triazol-4- yl)methyl (E)-3-(3,4-dihydroxyphenyl)acrylate e. p-(2-Bro- moethyl)(trifluoromethyl)
5-LO Product Biosynthesis Inhibition Assays
5-LO Products Biosynthesis Inhibition in HEK293 Cells.
HEK293 cells stably cotransfected with a pcDNA3.1 vector expressing human 5-LO and a pBUDCE4.1 vector expressing human 5-LO activating protein (FLAP) were utilized [15, 20] to screen compounds for 5-LO inhibition. For cell stimulation of 5-LO products, transfected HEK293 cells were collected following trypsinization and washed and the cell pellet was resuspended in Hank's balanced salt solution (HBSS) (Lonza, Walkerville, MD) containing 1.6 mM CaCl 2 at a concentration of 5 × 10 5 cells mL −1 . Cells were preincubated with each test compound at 1 M for 5 min at 37 ∘ C. Cells were then stimulated for 15 minutes at 37
∘ C with the addition of 10 M calcium ionophore A23187 (Sigma-Aldrich, Oakville, ON, Canada) and 10 M arachidonic acid (Cayman Chemical, Ann Arbour, MI). Stimulations were stopped by the addition of 0.5 volume of cold MeOH : CH 3 CN (1 : 1) containing 50 ng of PGB 2 as internal standard and samples were stored at −20 ∘ C until processing on octadecyl (C18) columns and analysis by RP-HPLC as described previously [15, 20] . Data are expressed as
